progression-free and overall survival based on risk factors such as Ann Arbor tumour stage, extranodal sites and serum lactate dehydrogenase (LDH) levels, is widely used for the prognostic assessment of DLBCL patients. 6 Although chemotherapy combined with targeted drugs has improved the efficacy of treatment for many patients, relapse and progression to refractory diseases are not uncommon and are usually attributed to chemotherapy resistance. DLBCL patients with the same IPI scores do not always have similar prognoses, indicating that individual patient differences are important contributing factors. Thus, there is an urgent need to identify novel prognostic biomarkers for DLBCL patients.
3-Phosphoinositide-dependent protein kinase-1 (PDK1), sometimes referred to as PDPK1, plays a key role in signal transduction pathways activated by growth factors and hormones, including insulin. 7, 8 As a member of the AGC protein kinase family, 9 PDK1 is activated by the phosphorylation of serine T ring residues (Ser241). 10 PDK1 expression is closely associated with the recurrence and progression of various tumours, including colon cancer, breast cancer and ovarian cancer. [11] [12] [13] Although PDK1 inhibition has been shown to effectively reduce the growth of some tumours, little is known about its expression and function in DLBCL. Polo-like kinase-1 (PLK1) belongs to the PLK family and is a serine/threonine protein kinase.
14 It has multiple key roles in cell homoeostasis by regulating the cell cycle, acting as a control checkpoint in G1/M phase, regulating spindle formation and chromosome separation and maintaining genomic stability. [15] [16] [17] [18] [19] PLK1 is thought to be a proto-oncogene, and its downregulation can induce apoptotic pathways and inhibit cell growth. 20 PLK1 is highly expressed in a variety of malignant tumours, where it functions in cell proliferation and metastasis; not surprisingly, PLK1 expression is also closely associated with poor prognosis. [21] [22] [23] Previous work showed that PLK1 expression correlates with event-free survival in DLBCL patients 24 and that a PLK1 inhibitor has anti-tumour effects in multiple xenograft models of DLBCL. 25 c-Myc is a member of the Myc family of transcription factor regulatory proteins, and its activity can be elevated through a number of mechanisms, including insertional mutation, translocation and gene amplification. 26 This protein plays roles in many crucial cell processes, including the cell cycle, apoptosis, cell immortalization and stem cell self-renewal and differentiation. [27] [28] [29] In tumour cells, c-Myc plays dual roles in proliferation and is also associated with tumour metastasis and invasion. 30 c-Myc expression is an important predictor of DLBCL, as recognized by the recent concept of double-and triple-hit lymphomas. 31 Tan et al 7 found that PDK1 overexpression induced the phosphorylation of PLK1, which in turn upregulated c-Myc expression state.
Moreover, the PDK1-PLK1-c-Myc signalling pathway was strongly linked to cancer cell growth and survival. Because c-Myc is known to be a prognostic predictor of DLBCL, we hypothesized that expression of components of the PDK1-PLK1-c-Myc signalling pathway may correlate with DLBCL prognosis. In this study, therefore, we investigated the expressions of PDK1, PLK1 and c-Myc in DLBCL specimens and evaluated their clinical and prognostic significance.
| MATERIALS AND METHODS

| Patient population and sample collection
A total of 152 patients diagnosed with DLBCL at Xiangya Hospital of Central South University and Hunan Cancer Hospital between April 2011 and December 2014 were retrospectively studied. All patients had de novo DLBCL, and none had received chemotherapy, radiotherapy or any other anti-tumour therapies before DLBCL diagnosis. Clinical information collected from patient records included the involved body sites, specimen types, age, gender, treatment, IPI score, LDH level (elevated was defined as >245 U/L), B symptoms (fever-[temperature >38°C for 3 consecutive days], weight loss without trying-[exceeding 10% of body weight in 6 months], and drenching night sweats), Ann Arbor stage and subtype (defined by cell of origin classification, using immunohistochemistry [IHC]-according to the Hans algorithm). All patients had complete clinical and follow-up data. As controls, we also retrospectively studied another group of 48 patients from Xiangya Hospital of Central South University who were diagnosed with chronic superficial lymphadenitis between April 2011 and December 2014, the same time period as the DLBCL group. Paraffin-embedded specimens were collected in accordance with the ethical standards set by the responsible committee on human experimentation (institutional and national). 
| Ethical approval
| Follow-up
All 152 DLBCL patients were followed from the day of diagnosis to January 2017. Overall survival (OS) was calculated from the date of diagnosis. 
| Immunohistochemistry
Protein expression was evaluated by IHC with a streptavidinperoxidase staining kit according to the manufacturer's instructions. Tissues known to express the antigen of interest were used as positive controls, and tissues processed without the primary antibody were used as negative controls. The paraffin-embedded tissue sections were first dewaxed and hydrated, and antigen was then retrieved by incubation in citrate buffer with heating (pH 6.0). The sections were incubated in 3% hydrogen peroxide for 20 minutes at 37°C, blocked with serum for 30 minutes at 37°C and then incubated at 4°C overnight with the primary monoclonal antibody: rabbit-anti-PDK1 (Abcam, Cambridge, UK, ab52893, 1:100), mouse-anti-PLK1 (Abcam, Cambridge, UK, ab17057, 1:200) or rabbit-anti-c-Myc (Abcam, Cambridge, UK, ab32072, 1:200). After washing, sections were incubated with the appropriate biotin-conjugated secondary antibody for 20 minutes at 37°C and then with horseradish peroxidaselinked streptavidin for 30 minutes at 37°C. The sections were developed using 3,3′-diaminobenzidine as a chromogen and counterstained with haematoxylin. Finally, the slides were dehydrated, mounted and visualized using a Leica microscope.
We randomly selected five areas of high-quality staining under high-magnification (400×) for each sample, and the slides were evaluated by two experienced pathologists in a blinded fashion. Expression of PDK1 and PLK1 was evaluated by assigning a semi-quantitative immunoreactivity score (IRS). 32 The IRS was calculated by multiplying the staining intensity score (0 = no colour, 1 = weak staining, 2 = moderate staining, 3 = strong staining) by the score for the percentage of positively stained cells (0 = no positive cells, 1 = 1%-30%, 2 = 31%-60%, 3 > 60%). The final IRS score thus reflected the overall intensity and extent of expression: 0 = negative, 1-2 = weak, 3-5 = moderate and 6-9 = strong expression. The average IRS of five high-magnification (400×) areas was reported. Weak, moderate and strong intensities were considered positive expression. Negative and weak intensities were considered low expression, and moderate and strong intensities were considered high expression. 33, 34 Based on a previous study, we used a cutoff score of 40% positively stained cells to define high c-Myc expression. 35 None of the cases were evaluated for c-Myc rearrangements or amplifications.
| Statistical analysis
We used SPSS statistical software for data analysis (version 17.0; SPSS Inc., Chicago, IL, USA). A rank sum test was used to compare the expression of PDK1, PLK1 and c-Myc in DLBCL and lymphadenitis groups. Correlations among PDK1, PLK1 and c-Myc expression levels were assessed using Spearman rank correlation analysis. Pearson's chi-square test was used to compare clinicopathological features and PDK1, PLK1 or c-Myc expression. Survival curves were constructed according to the Kaplan-Meier method. Multivariate analysis was performed using a Cox regression model. A two-sided P value of <0.05 was considered statistically significant.
| RESULTS
| Patient characteristics
The clinicopathological features of the 152 DLBCL patients are summarized in Table 1 . the lymphadenitis group; and c-Myc 80.92% (123/152) in the DLBCL group and 29.17% (14/48) in the lymphadenitis group ( Table 2 ). All of the positively stained lymphadenitis tissues showed only low expression of PDK1, PLK1 and cMyc in the cortex of the lymph nodes. In contrast, among the positively stained DLBCL tissues, PDK1 was detected at low and high levels in 71 and 81 tissues, respectively; PLK1 in 73 and 79 tissues, respectively; and c-Myc in 76 and 76 tissues respectively. The rates of PDK1, PLK1 and c-Myc expression were significantly different between DLBCL and lymphadenitis patients (all P < 0.001).
T A B L E 1
| Correlations between PDK1, PLK1 and c-Myc expression
The expression of each molecule correlated positively with that of the other two molecules (Tables 3-5 ). but not with age, gender, B symptoms, subtypes or treatment (P > 0.05, Table 6 ).
T A B L E 4 Correlation between PDK1 and c-Myc expression
| Survival and prognostic factors
Of the 152 DLBCL patients, 80 died from the disease with a median OS of 29.5 months. Among the clinicopathological features, IPI score, LDH level and Ann Arbor stage were significant predictors of OS (P < 0.001), whereas gender, age, B symptoms, subtype and treatment showed no relationship to OS (P > 0.05, Table 7 ).
A multivariate Cox regression model showed that the expression levels of PLK1 and c-Myc were independent predictors of OS (Table 8) .
Kaplan-Meier OS curves for DLBCL patients stratified by tumour expression of PDK1, PLK1 and c-Myc are shown in Figure 2 . High expression of each of these three molecules was significantly associated with unfavourable prognosis (P < 0.001).
| DISCUSSION
DLBCL is a highly heterogeneous haematological malignancy. Although chemotherapy combined with targeted drugs, such as rituximab, has improved the survival rates of DLBCL patients, the rates of relapse and refractory disease, thought to be related to drug resistance, remain high. The prognosis of DLBCL patients varies considerably for unknown reasons, underscoring the need for novel prognostic indicators. To this end, we analysed the expression levels of PDK1, PLK1 and c-Myc in 152 DLBCL and 48 lymphadenitis tissues and explored their relationships with patient clinicopathological features and prognosis. All three proteins were expressed at low levels in the cortex of lymph node specimens from the lymphadenitis patients, which is consistent with their known pattern of expression in normal lymph nodes (https://www. proteomicsdb.org).
PDK1 plays a role in cell proliferation, survival, metabolism and transformation 36 and is associated with tumour progression and metastasis through activating PI3K/AKT pathway. 37, 38 Our study showed that PDK1 was positively expressed in 78.29% of DLBCL specimens compared with 45.83% of lymphadenitis patients. High PDK1 expression in DLBCL correlated with IPI score, LDH level and Ann Arbor stage but not with age, gender, B symptoms, subtype or treatment. We also found that high PDK1 expression was associated with a shorter OS, but that it was not an independent predictor of prognosis. Lohneis et al 39 examined PDK1 expression by IHC in 253 primary ovarian serous carcinomas and found that positive expression was an independent predictor of shorter OS in patients with high-grade disease. Similarly, Bai et al 40 analysed PDK1 mRNA and protein expression by qRT-PCR and IHC respectively, in 156 gastric cancers and showed that positive expression was an independent negative prognostic factor. Our results conflict with these two studies, possibly due to the smaller number of patients and shorter follow-up period. Although we found a significant correlation between PDK1 expression and OS, which may be helpful in decision-making for early intervention in DLBCL patients, further work will be needed to understand the precise role played by PDK1 in DLBCL as well as the source of conflict between our data and the studies of Lohneis et al 39 and Bai et al. 40 We found that PLK1 was expressed in 79.61% of DLBCL specimens and 50% of lymphadenitis specimens. A high frequency of expression was expected because PLK1 plays important roles in regulating the cell cycle and genomic stability. In DLBCL patients, high PLK1 expression correlated with IPI score, LDH level and Ann Arbor stage, but not with age, gender, B symptoms, subtype or treatment. Furthermore, high PLK1 expression was associated with a shorter OS and was an independent predictor of poor prognosis. Tut et al 41 examined PLK1 by IHC in 286 rectal cancer specimens and found that low PLK1 expression was an independent predictor of better OS. Our results are consistent with this study, suggesting that PLK1 could be a useful prognostic factor for DLBCL patients.
Finally, we found that c-Myc was expressed in 80.92% of DLBCL specimens and 29.17% of lymphadenitis specimens. Like PDK1 and PLK1, high c-Myc expression correlated with IPI score, LDH level and Ann Arbor stage, but not with age, gender, B symptoms, subtype or treatment. DLBCL patients with high c-Myc expression also had a shorter OS than those with low c-Myc expression, and c-Myc was an independent predictor of poor prognosis. Green et al 42 investigated c-Myc expression in breast cancer patients and found that its overexpression predicted poor prognosis and conferred resistance to endocrine therapy. Our results are consistent with the former finding, indicating that c-Myc may be a useful predictor of poor prognosis in DLBCL. Interestingly, we also found a positive correlation between the expression of PDK1, PLK1 and c-Myc with the other two molecules, which is consistent with the results of a previous study by Tan et al 7 These authors found that PDK1
induced the phosphorylation of PLK1, and that PLK1 then directly induced c-Myc protein accumulation in a PDK1-dependent manner. Thus, a PDK1-PLK1-c-Myc signalling pathway related to cancer cell growth and survival was identified.
In conclusion, our results suggest that high expression levels of PLK1 and c-Myc are predictors of poor prognosis in DLBCL patients. Further work will be needed to understand the role of the PDK1-PLK1-c-Myc pathway in DLBCL.
